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ABSTRACT
Jasmonic acid (JA) modulates plant development, growth, and responses to stress. Previously, we showed
that in Arabidopsis thaliana, JA promotes the formation of extra xylem in roots, and mutant plants unable to
express PIN-FORMED 3 (PIN3) and PIN7 formed extra xylem in the absence of exogenous JA. Those results
suggested that JA modulates root xylem development by controlling PIN-mediated polar auxin transport.
Consistent with this, treatment with an auxin transport inhibitor induced extra xylem formation. Here, we
characterized the expression of PIN3 and PIN7 in JA-treated Arabidopsis plants. PIN3 expression was not
altered in response to JA; by contrast, PIN7 expression was reduced by JA, which suggested that PIN7 is
involved in JA-mediated xylem development. Indeed, overexpressing PIN7 suppressed the formation of extra
xylem in response to JA. Based on these results, we propose that JA mediates xylem development by
controlling polar auxin transport with PIN7 critically involved in this process.
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Text

Auxin is a key phytohormone regulating various aspects of plant
development including xylem development. The identification
of the auxin carrier proteins including PINs and AUXs revealed
that polar auxin transport provides crucial positional informa-
tion for the specification of cells and tissues.1–3 Xylem cells in
vascular tissues show high auxin responses compared with other
cells, and the auxin signaling-defective mutant axr3-1 produces
a no-xylem phenotype, demonstrating the essential role of auxin
in xylem development.4,5 This suggests that xylem-specific auxin
accumulation produces the responses in xylem, consistent with
the recent finding that inhibition of polar auxin transport affects
xylem-specific auxin accumulation and xylem development.6

JA regulates plant defenses against biotic and abiotic stresses.7

JA is synthesized from linolenic acid via the octadecanoid path-
way, after which it is metabolized into an isoleucine conjugate
(JA-Ile).8,9 JA-signaling pathways are activated by the interaction
between JA-Ile and the CORONATINE INSENSITIVE1 (COI1)
receptor, which prompts proteolysis of transcriptional repressor
JASMONATE ZIM-DOMAIN proteins.10,11 JA vitally under-
pins many plant responses to biotic and abiotic stresses and
also modulates plant growth and development, strongly suggest-
ing that JA is essential for coordinating development and stress
responses in plants.12–14

Our prior work revealed that JA promotes the formation of
extra xylem in Arabidopsis15,16 (Figure 1). Wild-type plants
form xylem cells in a single axis in the middle of the vascula-
ture; by contrast, JA-treated wild-type plants produce extra
xylem cells adjacent to the axis. Recently, we observed the
extra-xylem phenotype in mutant plants that lacked expression

of PIN3 and PIN7.6 PIN3 and PIN7 are responsible for polar
auxin transport from the procambium to the xylem;5 this
suggested that JA modulates xylem development by controlling
auxin movement. Consistent with this, the PIN3 and PIN7
expression responsible for xylem patterning is activated by
cytokinin (CK), yet JA antagonistically interacts with CK to
modulate xylem development.5,6,15 Therefore, CK-responsive
PIN3 and PIN7 expression could be involved in JA-mediated
xylem development in plants.

To investigate the involvement of PIN3 and PIN7 in JA-
mediated xylem development, we analyzed changes in CK
responses and PIN3 and PIN7 expression in response to JA
(Figure 2). When the CK response was visualized in Arabidopsis
plants expressing the CK-responsive marker ARR5::GFP, JA
reduced the CK response in the vasculature and columella
(Figure 2a). To analyze changes in PIN3 and PIN7 expression in
response to JA,we performedqRT-PCRusing total RNAextracted
from these plants. The PIN7 expression level in JA-treated plants
was approximately 3-fold lower than that in untreated plants
(Figure 2b). In contrast to PIN7, expression levels of PIN3 were
similar between JA-untreated and -treated plants, indicating that
JA has a negligible effect on PIN3 expression. The JA effect on
PIN7 expression was also observed in wild-type plants (Figure 2c).
JA-treated wild type exhibited reduced expression of PIN7 com-
pared to the JA-untreated wild type, suggesting that PIN7 is
involved in JA-mediated xylem development.

Based on the evidence that JA reduces expression of PIN7, we
hypothesized that plants overexpressing PIN7would not show JA-
induced development of extra xylem. To test this, we quantified
formation of extra xylem in PIN7-overexpressing plants (35S::
PIN7) grown in JA-untreated and -treated conditions (Figure 3).
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Figure 1. JA and knockout-out mutation of PIN3 and PIN7 promoted the formation of extra xylem cells.
Cross-sectional images showing the extra xylem formed in the roots of Col-0 plants grown in 10 μM of methyl jasmonate (JA) for 7 days unlike those of JA-untreated Col-0
plants (Con). The mutant plants lacking expression of PIN3 and PIN7 (pin3 pin7) formed extra xylem even under JA-untreated conditions. Arrows and dashed lines
respectively indicate the formation of extra xylem and the xylem axis. Scale bar = 20 μm.

Figure 2. Suppression of PIN7 expression by JA.
(a) Images showing the distribution and intensity of GFP signals in ARR5::GFP transgenic plants grown in JA-untreated (Con) and -treated conditions (JA) for 5 days (JA, 10 μM of
methyl jasmonate). (b) Expression levels of PIN3 and PIN7 genes in the ARR5::GFP transgenic plants. Data represent mean values of three technical replicates, and error bars
indicate SD. Asterisks show statistically significant differences between JA-untreated and -treated samples (p-value < 0.01, Student’s t-test). GAPDH (At1G13440) was used as an
internal control to normalize gene expression. (c) Semi-quantitative RT-PCR results showing that expression levels of PIN3 and PIN7 in wild-type plants (Col-0) grown in
JA-untreated and -treated conditions (10 μM of methyl jasmonate) for 9 days. ACT2 (At3G18780) was used as an internal control. Scale bar = 20 μm.

Figure 3. Overexpression of PIN7 suppressed the JA-mediated extra-xylem phenotype.
Cross-sectional images of the roots of 35S::PIN7 grown in JA-untreated (Con) and -treated conditions (JA) for 7 days (JA, 10 μM methyl jasmonate). (b) Quantification of extra
xylem formation in these plants. Percentages were calculated by dividing the number of plants with extra xylem by total number of plants observed (n > 20). Scale bar = 20 μm.

e1637664-2 G. JANG ET AL.



Approximately 15% of these plants we tested displayed the extra-
xylem phenotype, a proportion approximately 4-fold lower than
that of wild-type plants grown under the same conditions (n > 20).
This indicates that JA regulates xylem development by controlling
polar auxin transport, in a process mediated by PIN7. This crucial
role of PIN7 in xylem development is consistent with the findings
of Murano et al. (2014), whose computational study showed that
PIN7 activity was capable of establishing the xylem-specific auxin
accumulation responsible for xylem development, by directing
polar auxin transport from the procambium to xylem cells.17

Taken together, these findings suggest that PIN7 mediates JA-
dependent xylem development by controlling polar auxin trans-
port to xylem structures.

Modulation of plant development under stress conditions lar-
gely occurs through the interaction between hormones that med-
iate plant developmental process and stress response. Growing
numbers of studies have proposed that JA extensively interacts
with other phytohormones to regulate plant development under
stress conditions. For example, JA interacts with gibberellic acid in
the coordination of plant development and stress responses.18–20

Based on our results presented here, we propose that JA interacts
with auxin and CK to modulate xylem development. Further
molecular and genetic studies will enhance our understanding of
the molecular mechanisms underlying JA-mediated xylem devel-
opment and the regulatory interactions between JA and other key
phytohormones.
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